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Abstract: 
Among coinage metal nanoclusters with 55 atoms, only Ag55– and Cu55– are the geo-
metric magic-number clusters, as both exhibit icosahedral symmetry. Au55–, how-
ever, exhibits much lower symmetry due largely to the strong relativistic bonding 
effect. In this study, we collect a much larger population (>10,000 isomers) of low-
energy isomers of Au55– to Au60– by using the combined density-functional theory 
and basin-hopping global optimization method. We also include the spin−orbit ef-
fect in the density-functional theory computation to achieve simulated photoelec-
tron spectra in quantitative fashion. Remarkably, we uncover that the Au13 core with 
the highest icosahedral (Ih) symmetry emerges at the size of Au60–. Stability anal-
ysis suggests that Au57– with 58 valence electrons, an electronic magic number, is 
the relatively more stable cluster in the size range considered. Overall, in this size 
range we reveal a compromise between the trend toward having a perfect icosa-
hedral 13-atom core and the strong relativistic bonding effect. 
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Clusters that possess the icosahedral symmetry belong to a class of 
geometric magic-number clusters.1,2 A well-known hollow-cage clus-
ter with the perfect icosahedral symmetry is the buckminsterfuller-
ene C60.3 Compact metal clusters with either 13 or 55 atoms also tend 
to be good candidates to exhibit the icosahedral symmetry as both 
sizes can be found in the Mackay icosahedral series.1,2 For the 13-atom 
transition metal clusters, Piotrowski et al. showed that icosahedral-
like forms are favorable only in early 3d, 4d, and 5d series.4 For coin-
age metal elements, first-principles computations have shown that the 
icosahedral structure of M13 (M = Cu, Ag, Au) is unfavorable, due to 
their relatively high energy.5,7 Indeed, for Ag and Cu, the smallest ico-
sahedral clusters are at the size of 55 atoms. Also, both Ag55– and Cu55– 
can be viewed as a core−shell cluster with the 13-atom icosahedral 
core and 42-atom icosahedral outer shell.8–12 Au55–, however, exhibits 
much lower symmetry due largely to the strong relativistic bonding 
effect.8,12 For neutral Au55, Garzón et al. perhaps were the first to pre-
dict that the high-symmetry icosahedral structure and low-symme-
try structures are degenerate in energy,13 while Huang et al. showed 
convincingly from a joint experimental/theoretical study that Au55– is 
a low-symmetry structure.14 Naturally, one can ask whether a compact 
core−shell gold cluster can entail a 13-atom high-symmetry icosahe-
dral core, and at what size if such a high-symmetry core could arise. 
Structural evolution of gold clusters have been extensively stud-
ied over the past two decades due in part to gold clusters’ remark-
able catalytic activities. Particular attention, for example, has been 
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placed on the size- and support-dependent CO oxidation,15,18 and the 
structure−activity relationships.19,20 Among midsized gold clusters with 
20−60 atoms, only a few exhibit highly symmetric structures.21,22 The 
pyramidal Au20– exhibits the perfect tetrahedral symmetry due largely 
to electronic shell closing of the neutral isomer so that the additional 
electron does not break the high symmetry.23 Metal clusters with the 
total number of valence electrons of 2, 8, 18, 20, 34, 40, or 58 belong 
to electronic-shell closure, a notion first introduced for understanding 
electronic magic numbers in alkali metal clusters.24 Notably, our previ-
ous joint experimental and theoretical studies have shown that Au33– 
to Au42– are all core−shell clusters with a highly symmetric four-atom 
tetrahedral core.25–27 Au46– and Au47– are also core−shell clusters with a 
pyramidal fragment stacked with another truncated pyramid.27 In this 
study, our focus is placed on the size range of Aun– (n = 55−60). We 
use the unbiased basin-hopping global optimization method com-
bined with density-functional theory (DFT) optimization28,30 to obtain 
a much larger population of low-energy isomers. Most importantly, 
we consider the spin−orbit (SO) effect in the density-functional the-
ory computation of the simulated anion photoelectron (PE) spectra of 
all low-lying isomers for each size of gold clusters. Our previous stud-
ies have shown that the inclusion of SO effects can give rise to nearly 
quantitative match between the simulated and measured PE spectra 
for gold clusters.25–27,31–36 
The gradient-corrected Perdew−Burke−Ernzerhof (PBE) exchange−
correlation functional37 and the double-numerical polarized (DNP) 
basis set with effective core potential (ECP), as implemented in the 
DMol 4.0 program,38,39 is employed for the geometry optimization of 
about 1200−2000 isomers obtained from the unbiased basin-hop-
ping search for each size of anionic gold clusters, with convergence 
of 1 × 10–5 H. Among the top 100 low-energy isomers, those with the 
energy gap between the first and second vertical detachment energy 
(VDE) being close to the measured energy gap between the first and 
second VDE are selected for reoptimization using a higher-level the-
ory of PBE0/TZP(ECP) (triple-ζ polarization) with inclusion of the rel-
ativistic effects under zeroth-order regular approximation (ZORA), as 
implemented in the ADF2013 software package.40–42 The simulated PE 
spectra of these ADF-optimized candidate isomers (about 15 for each 
size of clusters) are then obtained by using the hybrid PBE043 func-
tional with inclusion of the spin−orbit (SO) effects (hereafter referred 
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as SO-PBE0 method), as implemented in the NWCHEM 6.644 soft-
ware package. For relatively smaller clusters, n = 55−58, we use the 
CRENBL(ECP)45 basis set, while for the larger two clusters, n = 59, 60, 
we use the dhf-SV(P) (ECP)46 basis set, as CRENBL(ECP) becomes in-
creasingly expensive for larger sized clusters. Lastly, the simulated PE 
spectra are used to compare with the measured PE spectra, as done in 
previous studies.25–27,31–36 The isomers that give rise to the best match 
with the measured PE spectra are identified as the most stable iso-
mers in the experimental cluster beam. 
Isomer Assignment
There is often more than one low-lying candidate isomer for midsized 
gold clusters. We have identified one isomer of Au55– and two each for 
Aun– (n = 56−60) that are the most likely present in the cluster beam. 
In Table 1 we present the experimental first VDE and theoretical first 
VDE’s of all assigned isomers. As anticipated from experiences of pre-
vious studies, the SO-PBE0 method tends to give simulated spectra 
with a systematic red shift in the computed binding energies. Thus, 
the theoretical VDE’s are smaller in value compared to the experimen-
tal ones. In Table 1, we also compare the measured energy gap (X−A 
Table 1. Experimental First VDE and X−A Gap of Aun– (n = 55-60)* and Theoretical 
First VDE, X−A Gap, Relative Energies [Based on SO-PBE0/CRENBL(ECP) for n = 55− 
58 and SO-PBE0/dhf-SV(P)(ECP) for n = 59−60], RMSD, and Number of Core Atoms 
of the Assigned Core-Shell Isomers (All Energy Values in eV). 
           Experimental*                                            Theoretical 
    No. of 
n in  First   X−A    core  First   X−A     
Aun–  VDE gap  Isomer atoms  VDE gap  ΔE RMSD 
55  4.33  0.07  I  10  4.12  0.10  0  0.049 
56  4.15  0.23  I  10 3.91  0.21  0  0.030 
   II  9  3.89  0.29  0.08  0.070 
57  4.31  0.06  I  12  4.17  0.09  0.01  0.069 
   II 12  4.20  0.13  0  0.106 
58  3.79  0.65  I  12  3.61  0.58  0  0.078 
   II 12  3.62  0.61  0.02  0.074 
59  3.88  0.62  I  12  3.63  0.63  0  0.026 
   II  12  3.57  0.68  0.04  0.081 
60  3.68  0.21  I  13  3.36  0.19  0  0.089 
   II  13  3.37  0.21  0.05  0.119 
* From ref 14.  
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gap) between the first and second VDE, which corresponds to the en-
ergy difference between the first two highest peaks (X and A peaks), 
with the computed energy gap between the first and second major 
peaks in the simulated spectrum. Notably, the computed energy gap 
for assigned major isomer I is very close to the measured X−A gap in 
all cases. For all clusters considered, the difference in the X−A gap is 
within 0.03 eV except for Au58–. The latter, however, has a broad first 
peak (X) in the experimental spectrum (see Figure 1d). As shown in Ta-
ble 1, the low-lying isomers are relatively degenerate in energy based 
on the SO-PBE0 computation (ΔE in Table 1). For gold anion clusters, 
the M06 functional is known to be a reliable functional for assessing 
relative stabilities among gold isomers with very close energies.47 Our 
previous studies show that the SO-PBE0/CRENBL (ECP) level of the-
ory can give nearly the same trend in term of relative energies among 
gold isomers as that given by M06/cc-pVDZ-pp (ECP).27 The electronic 
properties of other candidate isomers are given in Tables S1− S6. 
Parts a−f of Figure 1 display the experimental spectra (red),14 where 
the peaks labeled X, A, B, ... represent the first, second, and third, ... 
VDE, respectively. The simulated spectra (black) of assigned isomers 
(I for major and II for minor isomer) are also presented in Figure 1. It 
can be seen that the simulated spectra of the assigned isomers match 
the experimental spectra nearly quantitatively for the first ten major 
peaks or so. We therefore label the corresponding peaks as X, A, B, 
etc. in the simulated spectra for ease of comparison. Since the rela-
tive energies of the low-lying isomers are extremely close, the spec-
tral peak-for-peak match is the most important indicator for identify-
ing the major and minor isomers. Some low-energy isomers, despite 
being close in energy with the major isomer, can still be ruled out due 
to their simulated spectra are not in good agreement with the mea-
sured spectra (Figures S1−S6). 
For Au55–, we assign only a single isomer because not only this iso-
mer can already produce all spectral features (X, A−I peaks in Figure 
1a) but also none of the other low-lying isomers can yield a simu-
lated spectrum in quantitative fashion (see Figure S1). To quantita-
tively measure the agreement between the simulated spectrum of 
the major isomer and the measured spectrum, we calculate the root-
mean-square deviation (RMSD) for the major labeled peaks between 
experiment and simulation, as done previously.27,31 In short, we align 
the first peak (X peak) of the theoretical spectra with experimental 
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Figure 1. (a)−(f) Comparison of experimental photoelectron spectra of Au– (n = 55−60) (red) 
and with simulated spectra of assigned isomers (black). The * in the experimental photo-
electron spectra represent very weak features likely contributed by minor isomers. The core 
atoms are highlighted in green, while the outer shell atoms are in yellow. The RMSD values 
shown in Table 1 are computed on the basis of all labeled peaks (A, B, ...).  
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first VDE and then calculate the deviation of corresponding peaks la-
beled (A, B, C, ...) in Figure 1. The RMSD values are presented in Table 
1, which provide further credence that the assigned isomers are likely 
the best candidate. For Au56–, the simulated spectrum of major iso-
mer I gives rise to all the major peaks (X, A−K; RMSD = 0.03 eV), while 
the minor isomer II may also be present in the cluster beam, as it may 
contribute to the major and minor peaks in the spectrum (Figure 1b). 
Similarly, for Au57–, we assign a major isomer I, as it can give all major 
peaks (X, A−G; RMSD = 0.069 eV), and a minor isomer II, which seems 
to contribute some major and minor features of the measured spec-
trum. Lastly, for Aun– (n = 58, 59, 60), we assign two isomers for each 
size. The major isomer I not only is the lowest-energy isomer based 
on the SO-PBE0 computation but also gives all the major spectral fea-
tures of the experimental spectra (X, A− K n = 58; X, A−J n = 59; and 
X, A−K, for n = 60; RMSD values in Table 1). The minor isomer II in 
all three cases may also contribute to the spectral features with rea-
sonably small RMSD values. Hence, isomer II is not ruled out. Over-
all, the isomers newly identified in this study are notably lower in en-
ergy than previously reported isomers14 (see Tables S1−S6). With the 
inclusion of the SO effects in our calculations, we observe splitting of 
peaks in simulated spectra of these isomers. Simulated spectra based 
on SO-PBE0 computation for previously reported isomers14 are also 
given in Figures S1−S6. 
Structural Evolution from Au55– to Au59–
The structural evolution in the size range of n = 55−59 is analyzed in 
more detail, on the basis of all newly assigned major isomers (Figure 
1). As reported previously,14 the most stable clusters in this size range 
exhibit the core−shell structures (Figure 2). Here, the core of Au55– and 
Au56– exhibits a 10-atom structure with a central atom although iso-
mer II of Au56– exhibits a nine-atom core. The arrangement of these 
core atoms appears like an icosahedron missing three apex atoms. 
Both major and minor isomers of Au57–, Au58–, and Au59– exhibit a 12-
atom icosahedral core missing only one apex atom14 (insets in Fig-
ure 2). Previously, the cavity region due to the missing apex atom was 
referred as a small bubble.14,48 The fact that the 11-atom core is not 
shown in the structural evolution of the gold clusters in the size range 
considered suggests that the 11-atom icosahedron with two missing 
apex atoms appears to be energetically unfavorable as the inner core. 
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Interestingly, the outer shells of the major isomers also exhibit 
some resemblances to an icosahedron. In a perfect 55-atom Mackay 
icosahedron, the core consists of 13-atoms, while the outer shell has 
42 atoms (see Figure 2). In the outer shell, 32 atoms form two oppos-
ing pentagonal caps in staggered conformation while the remain-
ing 10 atoms form a dodecagonal ring structure in the pentagonal 
Figure 2. Top panel: perfect icosahedron shell of 42 atoms with two pentagonal caps (red 
and blue) and a pentagon antiprism containing a 10-atom dodecagonal ring (purple). Mid-
dle and bottom panels: same color coding used to compare the assigned major structures of 
Au– (n = 55−59). Red and blue highlight fragments of pentagon cap, while the purple color 
highlights the 11-atom ring. Insets in green display the core structure.  
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antiprism section of icosahedron. (Figure 2). Clearly, the isomer I of 
Au55– is a low-symmetry structure. But its outer shell exhibits a 16-
atom pentagonal cap (red), highly resembling the cap of an icosahe-
dron (Figure 2). Similar pentagonal cap and antiprism fragments can 
be also seen in the outer shell of both Au56– and Au57–. In Au58– and 
Au59–, an 11-atom ring structure can be observed, resembling the 
dodecagonal ring of a perfect Mackay icosahedron. The middle sec-
tion consisting of 32- and 33-atoms, respectively, resembles the dis-
torted pentagonal antiprism structure. Au58– also exhibits a fragment 
of pentagon cap and Au59– exhibits two fragments of pentagon caps 
in staggered confirmation. Hence, from Au55– to Au59–, increasing the 
number of fragments that resemble those of a perfect Mackay icosa-
hedron can be observed. Similar color-coded structures of minor iso-
mers are presented in Figure S7. 
There are some differences between the isomers assigned in this 
study and the isomers assigned in the previous study.14 Specifically, in 
this study, the 12-atom icosahedral core with the missing apex atom 
emerges at Au57– and is also present in both Au58– and Au59–. In the 
previous study,14 it was found that filling the surface holes of the dis-
torted Au55– can yield a near-spherical core−shell Au58– structure with 
the 12-atom icosahedral core with the missing apex atom while the 
outer shell exhibits six square-defect sites.14 It was also found that the 
outer shell of Au59– can be constructed by adding an extra atom to a 
defect site in the outer shell of Au58–, resulting in one less square de-
fect site (see Figure 3, where the isomers reported in reference 14 
are labeled as ref-14). Although in both studies, Au58– and Au59– are 
predicted to possess the same 12-atom core, the outer shells exhibit 
some dissimilarities (Figure 3). The isomer I of Au58– exhibits a pentag-
onal defect and three square defects, while isomer II exhibits a pen-
tagonal defect and four square defects (two of which are in the back-
side). Isomer I and isomer II of Au59– exhibit four and three square 
defects, respectively, and both isomers appear to be more spherical 
than the isomer ref-14. To characterize the delicate structural differ-
ence among these predicted isomers, we plot the relative-distance 
distribution, with respect to the center of mass, of all atoms (Figure 
S8). In general, the isomers predicted in this study appear to be more 
compact than the isomers predicted from ref 14. Note also that the 
predicted most stable isomer of Au58 in ref 14 was initially obtained 
from first-principles molecular dynamics simulation of neutral Au58. 
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Hence, we reoptimize all the top isomers of Au58– shown in Table S4(a) 
with zero charge at the PBE/DNP (ECP) level (Table S4b). Indeed, the 
neutral ref-14 isomer of Au58 exhibits higher stability than many iso-
mers shown in Table S4a, which are more stable in anionic form. 
To gain deeper understanding why the newly predicted isomers are 
more compact compared to those predicted in ref 14, we have ana-
lyzed the core size among top-50 and top-100 isomers collected from 
basin-hopping global search (Figure S9). One can see that for Au55–, 
the 9-atom core size is dominant (80%), although the newly assigned 
isomer exhibits a 10-atom core. For Au56–, both 9-atom (~56%) and 
10-atom (~41%) core sizes are dominant, while the newly assigned 
major/minor isomers also exhibit 9-atom and 10-atom core sizes. For 
Au57–, isomers with 10-atom and 11-atom core sizes are favored, while 
9-atom and 12-atom core sizes are in minority. The core of the newly 
assigned isomers, however, has 12 atoms. For Au58–, all top-50 iso-
mers exhibit either 10-, 11-, or 12-atom core size while the newly as-
signed isomers have the 12-atom core. Lastly, for Au59–, the 12-atom 
core size becomes dominant, and indeed, the newly assigned isomers 
have the 12-atom core. 
Figure 3. Structural differences among the outer shells of isomer I, isomer II, and isomers 
predicted in ref 14 for Au– and Au–. Structural (square or pentagonal) defects are highlighted 
in cyan color (12-atom inner core not shown).  
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Note, however, that the rankings of these top-50 and top-100 iso-
mers are based on the PBE level of theory. As shown in Tables S1−
S5, the PBE level of theory favors isomers with relatively small core 
size, whereas the SO-PBE0 level of theory favors isomers with rela-
tively large core size. In other words, consideration of the SO effect is 
crucial to the sensible prediction of isomers with more accurate core 
size. Indeed, in a previous computational study of neutral cluster Au58, 
Dong and Gong48 found that isomers with 10-atom core size (dou-
ble shell structure) are energetically more stable than isomers with 
11-atom or 12-atom core size, on the basis of the PBE level of the-
ory without accounting for the SO effect. With accounting for the SO 
effect, all the four isomers with 12-atom cores reported in Table S4a 
show the highest stabilities compared to other isomers with 10-atom 
or 11-atom cores. 
Au60– with a Perfect Icosahedral Core
The structures, both major and minor isomers, of Au60– exhibit many 
more features resembling an icosahedron like Ag55–, even though Au60– 
has five more atoms. Most notably, both isomers have a 13-atom 
icosahedral core, just like a perfect 55-atom icosahedron (Figure 4). 
Furthermore, the outer shell of isomer I exhibits C2v symmetry. Both 
isomers exhibit two opposing 16-atom pentagonal caps in staggered 
confirmation, just like a perfect icosahedron. Because of the additional 
five atoms on the outer shell, the 10-atom single ring in the perfect 
icosahedron is replaced by a 6-atom single chain connected with a 
9-atom double chain. Despite minor surface dissimilarities, isomer II 
of Au60– also exhibits nearly the same structural features as the isomer 
I. The close structural similarity in both isomers may be seen as the 
Figure 4. Two lowest-lying isomers (isomer I and isomer II) of Au–. Both isomers exhibit an 
icosahedral core and an outer shell consisting of two 16-atom pentagonal caps (red and 
blue), a 6-atom single chain (gold), and a 9-atom double chain (yellow).  
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fluxional behavior of gold clusters. Overall, Au60– is the smallest core−
shell gold cluster that exhibits an icosahedral core. The appearance of 
the icosahedral core at size n = 60 rather than the size n = 55 reflects 
a compromise between the trend toward icosahedron symmetry for 
core compactness and the strong relativistic bonding effects of gold. 
Relative Stability of Gold Clusters
As pointed out by Martin, an icosahedron is a highly strained struc-
ture because the interatomic distances between shells is smaller than 
those within a shell, resulting in icosahedral packing energetically fa-
vorable only in relatively small-sized clusters with high surface-to-
volume ratio.49 Also, Au55– is not an icosahedral structure due largely 
to the relativistic effect that contracts the surface, resulting in surface 
holes in the outer layer.14 The important factors such as the relativis-
tic effects in gold and the hybridization of 5d−6s orbital effect render 
the prediction of the size-dependent stability of gold clusters rather 
complicated. 50 To compare the relative stability of the assigned ma-
jor isomers, we compute the binding energy per atom, fragmentation 
energy, and the second-order difference in binding energy. In Figure 
5 we plot these quantities versus the size n of Aun–, calculated at the 
SO-PBE0/dhf-SV(P)(ECP) level of theory. The binding energy per atom 
is calculated by using the equation below, where E is the energy of 
the gold atom, ion, or cluster: 
Eb(Aun–) =
 (n – 1)E[Au] + E[Au–] – E[Aun–]
                                                        n
If the binding energy increases as n increases, the clusters would 
become progressively stable due to the greater delocalization of elec-
trons. However, in Figure 5, Au57– gives a binding energy per atom 
higher than its nearest-neighboring clusters, implying higher stabil-
ity than its neighbors. The fragmentation energy (ΔE1) is calculated 
on the basis of the formula ΔE1(Aun–) = E[Aun–1–]+ E[Au] − E[Aun–]. The 
plot of fragmentation energy shows an even−odd pattern, suggest-
ing that the odd-sized Au57– and Au59– are more stable than even-
sized gold clusters. 
Lastly, to further analyze the relative stability, the second-order dif-
ference in binding energy, ΔE2(Aun–) = E[Aun+1–]+ E[Aun–1–] − 2E[Aun–] is 
computed. The second-order difference in binding energy also shows 
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even−odd oscillation behavior, suggesting that the odd-numbered 
clusters, Au57– and Au59–, are relatively more stable than their neighbor-
ing even-numbered clusters. Note that Au57– is an electronic “magic 
number” due to electronic shell closing. 
In conclusion, we have found an intriguing structural evolution in 
midsized core−shell gold clusters; that is, both isomers of Au60– ex-
hibit an icosahedral core. In other words, Au60– is the smallest gold 
cluster to accommodate an inner core of 13-atom like in a 55-atom 
Mackay icosahedron. The outer shell of 47 atoms exhibit two oppos-
ing 16-atom pentagonal caps. Compared to the 55-atom icosahedron, 
the extra 5 atoms form a chain and distort the icosahedral outer shell. 
Although Au55– is not a Mackay icosahedron, the structural evolution 
of Aun– (n = 55−60) shows the trend to accommodate the icosahe-
dral core. Specifically, Aun– (n = 57−59) entail an inner core of 12-at-
oms forming an icosahedron missing an apex atom. The outer shells 
of Aun– (n = 58, 59) exhibit fragments of icosahedral caps, and the 
middle sections resemble the distorted pentagonal antiprism struc-
ture. Overall, the appearance of the icosahedral core at a size of n = 
60 rather than the size of n = 55 reflects a compromise between the 
Figure 5. Computed binding energy per atom E , fragmentation energy (ΔE ) and the sec-
ond-order difference in binding energy (ΔE ) versus the size n of Au–.  
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trend toward the icosahedral core for structural compactness and the 
strong relativistic bonding effects of gold. Nevertheless, the identified 
structural evolution of the gold clusters will benefit future studies of 
the structure−catalytic−activity relationship.      
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Specification for the tables presented below: Isomer Number is the ranking based on energy 
calculations at the PBE/DND(ECP) (fine) level for the respective clusters. Relative energies: ΔEa 
at PBE/DNP(ECP) (fine Integration grid), ΔEb at PBE0/TZP(ECP), ΔEc at SO-
PBE0/CRENBL(ECP) (for Aun-, n=55-58) and SO-PBE0/dhf-SV(P)(ECP) (for Aun-, n=59-60 
level of theory, RMSD is the root mean square deviation of the simulated peaks when the simulated 
first VDE is aligned with the experimental first VDE (units of values in columns 3-8 is eV). 
Highlighted in red in all Supporting Tables are the isomers whose figures are presented in the main 
text, with final ranking in roman number based on the best overall agreement with the experimental 
photoelectron spectra.
“Ref-14” are the isomers previously published in reference 14 of the main text.
Table S1: Electronic properties of  cluster Au55−. The unit is eV for column 3 – 8.
Isomer No. 
Au55-
No. of 
core 
atom
ΔEa ΔEb ΔEc VDE Energy 
gapc
RMSD
2 9 0.000 0.000 0.100 4.16 0.10 0.0494
3 9 0.005 0.161 0.279 4.16 0.05 0.0784
5 9 0.011 0.127 0.332 4.20 0.09 0.1032
6 9 0.011 0.168 0.316 4.16 0.07 0.0775
7 9 0.013 0.129 0.294 4.18 0.13 0.0546
9 9 0.030 0.082 0.193 4.12 0.11 0.0626
10 10 0.041 0.165 0.038 4.08 0.12 0.0493
11(I) 10 0.045 0.148 0 4.12 0.10 0.0493
12 9 0.048 0.064 0.196 4.18 0.07 0.099
13 9 0.051 0.072 0.232 4.11 0.11 0.0708
16 10 0.072 0.254 0.077 4.07 0.11 0.0572
Ref-14 10 0.256 0.444 0.341 4.08 0.13 0.0579
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Table S2: Electronic properties of  cluster Au56-. The unit is eV for column 3 – 8.
Table S3: Electronic properties of  cluster Au57-. The unit is eV for column 3 – 8.
Isomer 
No. Au56-
No. of 
core 
atom
ΔEa ΔEb ΔEc VDE Energy 
gap c 
RMSD
1 (II) 9 0.000 0.000 0.078 3.89 0.29 0.0700
3 9 0.060 0.080 0.160 3.90 0.29 0.0872
7 10 0.076 0.203 0.032 3.95 0.20 2.0717
11 (I) 10 0.090 0.255 0 3.91 0.21 0.0297
23 9 0.148 0.179 0.196 3.85 0.35 0.3645
25 9 0.149 0.172 0.269 3.9 0.30 0.2239
35 10 0.165 0.284 0.171 3.94 0.25 0.2947
39 10 0.170 0.272 0.108 3.93 0.24 0.0324
42 10 0.183 0.255 0.141 3.92 0.29 0.4337
49 10 0.193 0.262 0.099 3.92 0.29 0.0441
Ref-14 11 0.353 0.637 0.140 4.07 0.10 0.1928
Isomer 
No. Au57-
No. of 
core 
atom
ΔEa ΔEb ΔEc VDE Energy 
gap c 
RMSD
5 10 0.000 0.054 0.400 4.22 0.02 0.1875
10 9 0.053 0.000 0.636 4.14 0.09 0.1057
15 9 0.082 0.058 0.593 4.22 0.10 0.0839
26 9 0.135 0.132 0.716 4.21 0.13 0.1379
33 11 0.157 0.298 0.330 4.19 0.07 0.1723
34(II) 12 0.160 0.374 0.000 4.20 0.13 0.1056
35(I) 12 0.171 0.425 0.014 4.17 0.09 0.0692
43 12 0.197 0.401 0.112 4.17 0.06 0.2076
56 12 0.212 0.433 0.145 4.20 0.03 0.2211
Ref-14 11 0.215 0.373 0.319 4.07 0.13 0.1069
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Table S4a: Electronic properties of  cluster Au58-. The unit is eV for column 3 – 8.
 
Table S4b: Relative energy of isomers optimized with neutral charge at PBE/DNP(ECP) 
level
Isomer 
No. Au58-
No. of 
core 
atom
ΔEa ΔEb ΔEc VDE Energy 
gapc 
RMSD
1 10 0.000 0.000 0.234 3.71 0.45 0.1037
14 10 0.106 0.088 0.432 3.65 0.65 0.1051
15 11 0.109 0.238 0.071 3.66 0.63 0.1811
23 (I) 12 0.153 0.363 0.000 3.61 0.58 0.0776
26 (II) 12 0.165 0.375 0.022 3.62 0.61 0.0736
28 12 0.170 0.320 0.002 3.65 0.58 0.1085
45 11 0.238 0.426 0.228 3.61 0.65 0.0679
62 11 0.268 0.447 0.456 3.60 0.59 0.0259
70 11 0.288 0.447 0.485 3.61 0.68 0.0401
87 11 0.307 0.426 0.424 3.62 0.60 0.0760
88 11 0.308 0.510 0.498 3.61 0.53 0.0677
101 11 0.325 0.389 0.455 3.74 0.46 0.1827
116 11 0.342 0.502 0.472 3.67 0.61 0.1882
131 11 0.353 0.486 0.561 3.62 0.63 0.0622
Ref-14 12 0.331 0.608 0.212 3.48 0.75 0.0688
Isomer No. 
Au58 
ΔE
1 0.000
14 0.081
15 0.083
23 (I) 0.094
26 (II) 0.123
28 0.132
45 0.189
62 0.231
70 0.252
87 0.261
88 0.257
101 0.298
116 0.296
131 0.316
Ref-14 0.212
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Table S5: Electronic properties of  cluster Au59-. The unit is eV for column 3 – 8.
Isomer 
No. Au59-
No. of 
core 
atom
ΔEa ΔEb ΔEc VDE Energy 
gapc
RMSD
1(II) 12 0 0.059 0.041 3.57 0.68 0.0808
7(I) 12 0.051 0 0 3.63 0.63 0.0258
8 12 0.173 0.197 0.131 3.57 0.69 0.0983
11 12 0.203 0.268 0.229 3.52 0.78 0.1562
14 11 0.255 0.153 0.856 3.64 0.65 0.1119
16 11 0.263 0.319 0.924 3.58 0.68 0.1241
18 12 0.277 0.309 0.262 3.56 0.72 0.0979
19 12 0.284 0.245 0.295 3.60 0.71 0.1239
23 11 0.309 0.298 0.935 3.56 0.76 0.1663
24 12 0.309 0.334 0.611 3.56 0.79 0.1757
Ref-14 12 0.522 0.610 0.574 3.52 0.77 0.1576
Table S6: Electronic properties of  cluster Au59-. The unit is eV for column 3 – 8.
Isomer 
No. Au60-
No. of 
core 
atom
ΔEa ΔEb ΔEc VDE Energy 
gapc
RMSD
2 11 0 0 0.610 3.74 0.23 0.2543
3 (I) 13 0.055 0.334 0 3.36 0.19 0.0885
5 12 0.104 0.218 0.288 3.56 0.21 0.1419
6 (II) 13 0.126 0.381 0.052 3.37 0.21 0.1196
14 11 0.196 0.285 1.074 3.65 0.22 0.1969
15 12 0.209 0.336 0.386 3.54 0.21 0.1208
22 12 0.239 0.193 0.201 3.53 0.40 0.1415
25 10 0.249 0.317 0.950 3.59 0.26 0.1254
28 12 0.258 0.411 0.695 3.55 0.18 0.0975
33 12 0.261 0.306 0.397 3.53 0.25 0.2092
37 11 0.265 0.374 1.121 3.54 0.22 0.0923
43 12 0.275 0.424 0.697 3.47 0.28 0.0892
44 11 0.281 0.345 0.965 3.60 0.22 0.1877
52 11 0.298 0.318 0.909 3.71 0.19 0.2030
Ref-14 12 0.202 0.505 0.752 3.48 0.22 0.0861
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Figure S1: Experimental PES spectrum and simulated spectra of all top candidates of 
Au55-.
S7
Figure S2: Experimental PES spectrum and simulated spectra of all top candidates of 
Au56-.
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Figure S3: Experimental PES spectrum and simulated spectra of all top candidates of 
Au57-.
S9
Figure S4: Experimental PES spectrum and simulated spectra of all top candidates of 
Au58-.
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Figure S5: Experimental PES spectrum and simulated spectra of all top candidates of 
Au59-.
S11
Figure S6: Experimental PES spectrum and simulated spectra of all top candidates of 
Au60-.
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Figure S7: Top panel: a perfect icosahedron shell of 42 atoms with two pentagonal caps (red and 
blue) and a pentagon anti-prism with a 10-atom dodecagonal ring (purple). Middle and bottom 
panels: The same color coding is used to compare the assigned minor structures of Aun− (n = 56-
60): Red and blue highlight fragments of pentagon cap, while the purple color highlights the 11-
atom ring. Insets in green display the core. For Au60− 6-atom single chain (gold) and a 9-atom 
double chain (yellow).
S13
Figure S8: The relative distribution of atoms from the center of mass for top isomers presented in 
main text and isomers from reference14.
S14
Figure S9: The bar graph represents the corresponding percentage of Isomers that exhibit the 
number of core atoms in x axis, for the size range Aun- (n=55-60). a) presents the distribution in 
top 50 isomers b) presents the distribution in top 100 isomers.
